Background and Objective. Our previous findings showed that 4 weeks of intensive Tai Chi practice improved standing balance in healthy seniors. This study set out to investigate whether Tai Chi could improve standing balance in subjects with chronic stroke. Methods. One hundred thirty-six subjects >6 months after stroke were randomly assigned to a control group (n = 62) practicing general exercises or a Tai Chi group (n = 74) for 12 weeks of training. Each week, 1 hour of group practice was supplemented by 3 hours of self-practice. We used a short-form of Tai Chi consisting of 12 forms that require whole-body movements to be performed in a continuous sequence and demands concentration. A blinded assessor examined subjects at baseline, 6 weeks (mid-program), 12 weeks (end-program), and 18 weeks (follow-up). The 3 outcome measures were (1) dynamic standing balance evaluated by the center of gravity (COG) excursion during self-initiated body leaning in 4 directions, (2) standing equilibrium evaluated in sensory challenged conditions, and (3) functional mobility assessed by Timed-up-and-go score. Mixed model repeated-measures analysis of variance was used to examine between-group differences. Results. When compared with the controls, the Tai Chi group showed greater COG excursion amplitude in leaning forward, backward, and toward the affected and nonaffected sides (P < .05), as well as faster reaction time in moving the COG toward the nonaffected side (P = .014) in the end-program and follow-up assessments. The Tai Chi group also demonstrated better reliance on vestibular integration for balance control at end-program (P = .038). However, neither group improved significantly in Timed-up-and-go scores. Conclusions. Twelve weeks of short-form Tai Chi produced specific standing balance improvements in people with chronic stroke that outlasted training for 6 weeks.
S troke survivors commonly experience difficulties in tasks requiring balance and ambulation. [1] [2] [3] Their reduced ability in standing balance has been shown to be significantly associated with their ambulatory dysfunction and increased fall risk. [4] [5] [6] In fact, previous studies have documented 51% to 73% fall incidence among communitydwellers with stroke. 1, 7 Accordingly, several investigators suggested that interventions that could alleviate balance impairments in this target population should improve their walking and functional mobility. [6] [7] [8] In standing, people with chronic stroke typically demonstrate postural control problems, including increased sway of their center of gravity (COG), 9 reduced ability in voluntary weight-shift, 10 slow postural response time to perturbation, 11, 12 impaired sensory integration, 13 and excessive reliance on visual input 14 to maintain an upright stance. Exercise programs targeted to improve their postural control and mobility problems usually last 4 to 10 weeks, and have incorporated muscle strengthening, transfer of positions, weight shifting, agility training on an obstacle course, and walking on a treadmill. 10, 11, [15] [16] [17] Given their multidimensional nature, it has not been possible to delineate which exercise component is effective for improving balance control. Moreover, exercise progression and supervision by health care professionals is required, so self-practice by stroke survivors has not been feasible. The possibility of carry-over effects from such therapeutic programs has been also rarely addressed in the literature.
Our previous studies on Tai Chi demonstrated that experienced Tai Chi practitioners had better knee joint proprioception and standing balance than control subjects similar in age and activity level. 18, 19 Tai Chi practitioners have shown improved control of voluntary weight-shifting, better balance in perturbed stance under visual-or vestibular-challenged conditions, [19] [20] [21] as well as better balance in perturbed single-leg stance. 19 Other investigators have shown that long-term practice of Tai Chi can reduce the risk of falls. [22] [23] [24] [25] Even 4 weeks of intensive daily Tai Chi practice can be sufficient to improve the standing balance in healthy elderly subjects, 26 as opposed to the 4 to 10 weeks of exercise programs for stroke survivors mentioned above. This study was, therefore, designed to examine the effects of a 12-week community-based training of a short-form of Tai Chi on standing balance control after stroke. 
Figure 1 Flow Chart of Subjects Recruited in the Tai Chi and Control Groups

Materials and Method
Design and Subjects
This was a randomized-controlled trial approved by the University Research Ethics Committee. Between June 2003 to May 2006, 136 subjects with stroke were recruited from 20 local community or day care centers of nongovernment organizations. The inclusion criteria were a history of stroke >6 months, manifestation of hemiplegia, and ability to walk at least 6 meters with or without aids. People excluded were those with severely impaired cognitive functions (Mini-Mental State Examination 27 score ≤ 23), prior Tai Chi experience, or involvement in rehabilitation programs at the time of study. Subjects signed informed consent before they were randomized into either the Tai Chi or control groups with the aid of a computer program 28 that treated gender and the side of hemiplegia as stratification variables. There were 74 and 62 subjects respectively allocated to the Tai Chi and control groups. During the study period, 18 and 10 subjects dropped out of the Tai Chi and control groups, respectively; among them, 22 dropped out before the end-program evaluation ( Figure 1 ). The attrition rate was not different between the 2 groups (P = .24). The drop-out subjects were somewhat older (mean age 68.8 ± 9.7 years) than those who completed either program (63.4 ± 10.7 years). The subjects who completed the 2 training programs were similar in baseline data, except that the Tai Chi group was younger (P = .04; Table 1 ).
Tai Chi Group
Subjects underwent 12 weeks of training in short-form Tai Chi. Adapted from the Sun style Tai Chi for people with arthritis, 29,30 this short-form Tai Chi consisted of 12 forms that required whole-body movements to be performed in a continuous sequence demanding concentration ( Figure 2) . A physiotherapist, who was qualified to teach the Tai Chi, conducted the training to groups of 2 to 5 subjects in various community or day care centers. The training protocol involved 1 hour of group practice weekly during which subjects practiced 1 to 3 new Tai Chi forms in addition to the forms learnt in previous weeks. After each group practice, each participant performed approximately 3 hours of self-practice per week (Table 1) . During self-practice, subjects could refer to a video clip of their group practice and to pictures of the Tai Chi forms, with the care givers providing supervision on a standby mode. All subjects were required to record the duration of self-practice in a diary for submission to the trainer before each grouppractice. In general, the subjects could learn the 12 forms in 8 weeks so that they practiced the whole short-form Tai Chi in the remaining 4 weeks.
Control Group
The control subjects were taught breathing and stretching exercises; active mobilization of muscles and joints of the limbs and trunk in sitting and walking; and memory and reasoning exercises. There was 1 educational talk on stroke prevention. The duration and schedule of exercises, as well as exercise diary, were similar to the Tai Chi group.
Baseline Physical Status
After the subjects gave their informed consent, their baseline physical statuses were examined. The measurements included Motricity Index 31 for muscle strength in the paretic upper and lower extremity, Composite Spasticity Score 32 for muscle tone of the extremities, Berg Balance Score 33 for balance in functional activities, and Barthel Index 34 for dependence in activities of daily living.
Outcome Measures
All subjects were assessed on 3 outcome measures at 4 time points: baseline, week 6 (mid-program), week 12 (end-program), and week 18 (follow-up, 6 weeks after the program ended). Two primary outcomes were measured with a computerised force measurement platform of Equitest (Neurocom, Inc, Clackamas, OR): (1) dynamic standing balance in the Limit of Stability test, and (2) standing equilibrium under 6 integrated sensory test conditions of the Sensory Organization test. The secondary outcome on mobility was measured with the Timed-up-and-go test. Each subject was given 1 practice trial for each test battery before data recording.
Limit of Stability Test. The limit of stability is the furthest distance in any direction a person can lean from the vertical within the original base of support and without taking a step. 35 In this test, subjects were required to stand bare-footed on the force-plate of the Equitest machine, and wore a security harness to safeguard them from possible falls during the test. They were instructed to lean their body by shifting their center of gravity (COG) toward a target direction indicated on a computer screen without altering the base of support. These self-perturbed COG movements had to be as fast, accurate, and far as possible. The reaction time and end-point excursion of their COG movements to each of the 4 targets: forward, backward, and to the affected and nonaffected side were recorded for data analysis. The reaction time was the time in seconds between the appearance of the target and the start of COG movement. The end-point excursion was the extent of COG movement in the initial attempt to reach a target, and was expressed as a percentage of the norms built into the Equitest  software. Shorter reaction time and larger end-point excursion scores indicate better postural control function for the Limit of Stability test.
Sensory Organization Test. Subjects were again asked to stand on the Equitest  platform, but this time they were exposed to 6 conditions that challenged their ability to integrate somatosensory, visual, and vestibular inputs in maintaining standing All values (except ratios) are mean ± SD. b denotes P values ≤ .05 for comparison of differences among 3 groups with one-way ANOVA, and between 2 groups with independent t test for continuous data or chi-square for categorical data. c denotes significantly different from the other groups in post hoc pairwise comparisons (P < .05).
balance. In conditions 1 to 3, subjects stood on a fixed support surface with eyes open, eyes closed, and eyes open in a swayreferenced visual surround, respectively. Further tests in conditions 4 to 6 required subjects to stand on a sway-referenced support surface under the same 3 visual conditions, respectively. Therefore, to maintain standing balance, subjects relied mainly on somatosensory inputs in condition 2, visual inputs in condition 4, and vestibular inputs in conditions 5 and 6. The test protocol consisted of 1 practice trial and 3 recorded 20-second trials for each test condition. During a test, the anteroposterior COG sway of the subject was captured by the force-plate to generate an equilibrium score in percentage by the Equitest  software. A high score of 100% signifies no postural sway; the lower the score, the more unstable the posture. Any trial during which the subject fell would be scored zero. The mean equilibrium score of the 3 trials for each condition was used in statistical analysis. In literature, the equilibrium scores of healthy adults were found to be close to or above 90% in conditions 1 to 3, 70% to 80% in condition 4, and above 50% in conditions 5 and 6. 13, 14, 21 The mean scores in conditions 2, 4, and 5 relative to the mean score in condition 1 were termed, respectively, the somatosensory, visual, and vestibular ratios.
Timed-Up-and-Go Test. This timed measurement of mobility function has high sensitivity (87%) and specificity (87%) in screening seniors at risk of falls. 36 Studies have shown that independent community-dwelling adults usually finish the test in less than 17 seconds. [36] [37] [38] In our study, subjects had to rise from sitting, walk 3 meters with assistive device or orthosis as needed, turn round, and return to the seat as fast as possible. A trained rater who was blinded to the subject allocation to groups recorded the time for a subject to complete the task with a stop-watch.
Before our main study, the 6-week repeatability of these 3 outcome measures was confirmed in another 10 subjects with chronic stroke (5 females, 7 right hemiplegia, mean age = 56.4 ± 6.8 years). Repeatability of the measurements was found to be moderate to high, with intraclass correlation coefficients ranging from 0.82 to 0.89 for the Limit of Stability test, 0.59 to 0.98 for the Sensory Organization test, and 0.99 for the Timed-up-and-go test.
Statistical Analysis
The Statistical Package for Social Sciences (SPSS) version 11.0 was used. An independent t test was used to compare the demographic and baseline continuous data between the 2 groups, and chi-square tests for the categorical data. Following intention-to-treat principles, missing data were addressed by adopting mixed model repeated measures analysis of variance in the analysis of within-group and between-group differences. 39 The variable of age, which was found to differ between groups at baseline, was treated as a covariate. The level of significance was 5%, with 0.0167 being the Bonferroni-adjusted alpha for across-time comparisons within the groups.
Results
Dynamic Standing Balance
The 2 groups of stroke survivors had similar baseline balance and mobility measures. Subjects with Tai Chi training showed significantly shorter reaction times and greater COG excursion amplitudes when leaning toward all of the target directions except forward by week 12 (end-program), and at week 18 follow-up ( Figure 3) . In contrast, the controls did not show any improvements over time. Between the 2 groups, the Tai Chi subjects showed greater COG excursion amplitude than the controls when leaning forward, backward, and toward the nonaffected side from week 6 onward (P < .05), and toward the affected side (P < .001) by week 12 . Such effects even persisted for 6 weeks after training ended (P ≤ .007). Compared with the controls, the Tai Chi group improved their reaction time in leaning toward the nonaffected side significantly more than did the controls by the end of the program (P = .014) and at follow-up (P = .005). However, changes in reaction time scores when leaning toward the other 3 directions were not different between the 2 groups. Table 2a presents the equilibrium scores of both groups. The subjects in general presented low baseline equilibrium scores in the 3 conditions tested on the sway-referenced support surface (mean scores = 23.9 to 66.9%), especially in condition 5 (mean score <30%). The Tai Chi group, however, showed significant improvements in standing equilibrium in conditions 4, 5, and 6 from week 12 onward (P < .005). By the end of the program, their equilibrium scores were close to 50% in condition 5 and more than 50% in conditions 4 and 6. In contrast, the control group did not demonstrate any significant improvement until followup, and then only in conditions 5 and 6 (P < .0167). Table 2b presents the sensory ratios of the 2 groups. The Tai Chi group improved in the visual and vestibular ratios from week 12 onward (P < .005). Between the 2 groups, the improvement in vestibular ratio was significantly better in the Tai Chi group than in the control by week 12 (P = .038).
Standing Equilibrium
Mobility
The mean Timed-up-and-go scores of both groups were longer than 25 seconds at baseline (Table 2c) , confirming that these stroke survivors were affected in mobility function at the time they joined this study. Despite the 12-week training, the Timed-up-and-go scores did not improve significantly in either group, nor did they differ between the groups. 
Discussion
The results confirm that 12 weeks of regular Tai Chi practice at up to 4 hours a week can improve standing balance control in people with chronic stroke. Hart and coworkers 40 used Tai Chi to train stroke survivors for 12 weeks, but did not find any improvement on their balance in single leg standing. In contrast, the findings from our study clearly show that subjects with Tai Chi training improved their ability in voluntary weight-shifting to different spatial targets as early as 6 weeks after training commenced. These changes were negligible in the control group receiving general exercise training. Note that subjects practicing the short-form Tai Chi had to continuously shift their weight and change the base of support between their 2 feet while they performed simultaneous arm movements. 29 The general exercises practiced by the control group did not put similar demand on balance control. This lack of balance-training specificity could explain why the controls did not show any significant improvements in standing balance.
Compared with the control program, 12 weeks of the shortform Tai Chi was more effective in improving the standing balance of people after stroke, in terms of shorter reaction time during voluntary weight-shifting toward the nonaffected side, as well as increased COG excursion amplitude to 3 of 4 directions: forward, backward, and toward the nonaffected side. The improvements were noticed as early as 6 weeks after Tai Chi training commenced. Our previous study show that healthy seniors improved their standing balance after intensive Tai Chi training at 1.5 hours a day, 5 days a week, for 4 weeks. 26 The present results are encouraging because they show that subjects with chronic stroke improved their self-perturbed standing balance control with Tai Chi training at approximately 4 hours a week for 12 weeks. Furthermore, despite a reduction in practice time after the training ended, subjects in the Tai Chi group maintained their gains.
Stroke survivors have been shown to rely greatly on vision for postural control in standing. 14, 41 They have been found to be significantly impaired in integrating vestibular senses for standing equilibrium when compared with their healthy counterparts. 13 On average, the stroke survivors studied here showed much lower equilibrium scores in the sensory organization test conditions that challenged mainly the vestibular integration function for balance. After 12 weeks of modified Tai Chi, subjects showed improvements in standing equilibrium in conditions 4 (visual and vestibular integration), 5 (mainly vestibular integration when visual sense was deprived), and 6 (higher level vestibular integration when visual input conflicted with somatosensory input) ( Table 2a ). The control group did not show similar improvements by the end of training. During Tai Chi practice, simultaneous head-and-eye movements relative to the trunk and the 4 limbs, and frequent changes of head-and-body orientation relative to the environment are required. This could have resulted in better integration of the visual and vestibular systems for balance control. Negative findings in the control group could be explained by the lack of simultaneous eye, head, body, and arm movements during weight shifting in the general exercises prescribed. When compared with the controls receiving general exercises, 12 weeks of short-form Tai Chi training improved the vestibular ratio in condition 5. However, this effect was not maintained at follow-up, probably because of the reduced self-practice after Tai Chi training ended (Table 1 ). The improvement in standing balance produced by Tai Chi training was not accompanied by changes in functional mobility as measured by the Timed-up-and-go test. This result illustrates that the effect of Tai Chi training was specific to the task being trained, namely, standing balance control by performing head, body and arm movements simultaneously with weight shifting. The 12 Tai Chi forms do not stress speed in walking or turning. In previous studies, only those exercise programs that involved training with a treadmill 42 or agility walking 16 improved overthe-ground mobility as measured by time scores.
Figure 3 Comparison Between Tai Chi and Control Groups in the Limit of Stability Test Over Time
Our prior studies only examined the effects of Tai Chi on the standing balance control of healthy, community-dwelling seniors. 18, 19, 21, 26 The present study is the first one to demonstrate that short-form Tai Chi can improve the standing balance of stroke survivors with as little as 6 weeks of practice. Once the stroke survivors have mastered the Tai Chi forms, they can continue to practice Tai Chi any time, anywhere without being dependent on the guidance or supervision of a health care professional. Increasing the ability of stroke survivors to perform their own rehabilitation regime any time, anywhere should be an important goal in stroke rehabilitation. Whether introducing Tai Chi earlier in stroke rehabilitation could have even greater functional and psychosocial implications should be the subject of future investigations.
It should be noted that the Tai Chi group had lower compliance in self-practice than the controls (Table 1) . Although the Tai Chi participants mastered the skill of the Tai Chi forms by the end of the 12-week training, 8 of them did not continue with selfpractice. In contrast, all control subjects continued with selfpractice afterward. The exercises in the control program appeared to be easier to learn and practice at home. The Tai Chi forms require that subjects memorize the exact sequence for executing the coordinated body movements and are, therefore, more difficult for them. Adherence to regular Tai Chi practice might be facilitated by forming Tai Chi groups in convenient community venues. Reduced ability to maintain standing stability has been shown to predict multiple falls in people after stroke. 5 It is not clear if the improvements in standing balance as a result of shortform Tai Chi training could reduce falls in this target population. A further prospective study on the fall incidence of a larger group of stroke survivors receiving Tai Chi training would be of clinical and socio-economical significance.
To conclude, results of this study support the idea that regular practice of short-form Tai Chi for 6 to 12 weeks improves standing balance in people with chronic stroke. With its lasting effect beyond the training period, such short-form Tai Chi might be applied in community rehabilitation programs for patients who have adequate sensorimotor function and learning ability to safely participate.
